Carbon nanotubes (CNTs) have specific physico-chemical properties that are useful for the electronics, automotive, and construction industries. Yet, despite their many advantages, there is a current lack of available information on the human health and environmental hazards of CNTs. For this reason, the current study investigated the inhalation toxicity potential of multiwall CNTs (MWCNTs). Eight-week-old rats were divided into four groups (10 rats in each group), the fresh-air control (0 mg/m 3 ), low-concentration group (0.16 mg/m 3 ), middle-concentration group (0.34 mg/m 3 ), and high-concentration group (0.94 mg/m 3 ), and the whole body was exposed to MWCNTs for 5 days (6 h/ day). Lung cells were then isolated from five rats in each group on day 0 and 1 month after the 5-day exposure, respectively. The MWCNTs were generated by a newly designed generation system, and the MWCNT concentrations in the exposure chambers monitored in accordance with National Institute for Occupational Safety and Health (NIOSH) 0500 using a membrane filter. The MWCNTs were also sampled for an elemental carbon concentration analysis using a glass filter. The animals exhibited no significant body weight changes, abnormal clinical signs, or mortality during the experiment. A single-cell gel electrophoresis assay (Comet assay) was conducted to determine the DNA damage in lung cells obtained from the right lung. As a result, the Olive tail moments were 23.00 ± 1.76, 30.39 ± 1.96, 22.96 ± 1.26, and 33.98 ± 2.21 for the control, low-, middle-, and high-concentration groups, respectively, on day 0 postexposure. Meanwhile, 1 month postexposure, the Olive tail moments were 25.00 ± 2.71, 28.39 ± 3.55, 22.56 ± 1.36, and 31.97 ± 3.16 for the control, low-, middle-, and high-concentration groups, respectively. Thus, the MWCNTs caused a statistically significant increase in lung DNA damage at high concentration (0.94 mg/m 3 ) when compared with the negative control group on day 0 and 1 month postexposure.
INTRODUCTION
Carbon nanotubes (CNTs) have specific physico-chemical properties, including a high electrical conductivity, low density, and high strength, that represent significant benefits to the electronics, automotive, and construction industries (Fujitani et al., 2009; Lin et al., 2004) . Thus, the global production of CNTs is rapidly increasing due to expanding applications and manufacturing developments (Harper and Vas, 2005; Mitchell et al., 2007) . However, there is a growing concern that the special characteristics of CNTs may also cause adverse health effects, especially in the lungs as the primary route of entry for inhaled nanoparticles (Lindberg et al., 2009; Mitchell et al., 2007) . It has already been established that inhalation studies are the best method for determining the toxicity of CNTs, as inhaled CNTs that reach the distal region of the lungs are more dispersed and less agglomerated than an instilled bolus dose in an aqueous liquid. Furthermore, inhalation is more relevant than injection into a body cavity that completely bypasses the lungs and the related defense and clearance mechanisms (Card et al., 2008; Li et al., 2007; Miller, 2000; Mitchell et al., 2007; Ryman-Rasmussen et al., 2009a,b) . According to in vivo pulmonary toxicity tests, CNTs induced significant pulmonary effects, such as inflammation, fibrosis, and granuloma formation, all of which are associated with an increased risk of lung cancer (Hubbard et al., 2000; Knaapen et al., 2004; Lam et al., 2004; Muller et al., 2005; Shvedova et al., 2005; Warheit et al., 2004) . In other studies, exposure to multiwall CNTs (MWCNTs) induced an asbestos-like pulmonary response, such as mesothelioma, in tumor suppressor heterozygous (p53+/-) mice and resulted in a significantly higher death rate compared to the asbestos-exposed group (Takagi et al., 2008; Vaslet et al., 2002) . Takagi et al. (2008) previously suggested that the carcinogenic effect of biopersistent fibers, such as asbestos, was linked with the local generation of reactive oxygen and nitrogen species and the inflammatory reactions and genotoxic effects associated with this phenomenon. Likewise, it has been reported that multiwall and single-wall CNTs (SWCNTs) can induce oxidative stress and inflammatory responses (Lam et al., 2004; Li et al., 2007; Muller et al., 2005; Warheit et al., 2004) . However, despite extensive research on the genotoxicity of CNTs, most tests have been performed in vitro using microorganisms or cell lines, and there have been very few in vivo CNT inhalation studies that would be the most common means of human exposure. Based on the reported CNT exposure assessment studies, exposure can involve various forms of MWCNTs, such as dispersed, single, or fused fibers (Han et al., 2008) ; hardly found single or fused fibrous shapes ; or particle shapes (Ma-Hock et al., 2009; Pauluhn, 2010) . Several inhalation toxicity studies have already been conducted using tangled particleshaped MWCNTs (Ma-Hock et al., 2009; Pauluhn, 2010) . Furthermore, most previous studies have not considered the actual exposure situation, such as the dose and shapes occurring in the CNT manufacturing or handling workplaces. Therefore, an in vivo genotoxicity test was conducted on animals exposed to MWCNTs via inhalation under similar conditions to those observed in MWCNT manufacturing and handling workplaces.
MATERIALS AND METHODS
MWCNT Characterization. The manufacturer, Hanwha Nanotech, Inc (Incheon, Korea), provided the MWCNTs and their physico-chemical properties (Table 1 and Figure 1 ). The test substance examined in this study was commercially available MWCNTs (product name: CM-95, diameter 10-15 nm, length ~20 µm) and has also been designated as an alternative reference material in the sponsorship program for the safety testing of nanomaterials by the Organization for Economic Cooperation and Development WPMN (Working Party on Manufactured Nanomaterials) . The purity of the MWCNTs was 95% carbon and ~5% impurities, such as iron (<wt 2%), cobalt (<wt 2%), and Al 2 O 3 (<wt 4%).
Generation of MWCNT Aerosol. The MWCNT aerosol was generated using the method reported by Ahn et al. (2011) . To aerosolize the agglomerated MWCNTs, some mechanical force was applied. Eight grams of MWCNTs were mixed with 1 l of deionized water up to a final volume of 10 l. However, dispersing the MWCNTs in the water at room temperature was difficult, even when applying ultrasonic agitation. Thus, to avoid the use of a surfactant, the water was heated to 80°C, thereby decreasing the water surface tension to 62.67 dyne/cm and facilitating the dispersion of the MWCNTs. To further increase the dispersion, the bottle of water-dispersed MWCNTs was also submerged in an ultrasonic bath for 3 hours. The resulting transmission electron microscope (TEM) photographs showed a well-dispersed morphology compared to a tangled shape (Figure 2 ). After sonication, the atomization was initiated. The ultrasonic power was maintained at 160 W and the water bath temperature kept at 80°C. The generation system consisted of 3 parts; dilution, generation, and neutralization. The dilution part included a temperature controller and ultrasonic generator to mix the MWCNTs with deionized water at a constant temperature. To disperse the MWCNTs without any surfactant, the temperature was increased, thereby increasing the vapor pressure while lowering the decrease in the water density and viscosity. Eight grams of MWCNTs were mixed with 1 l of deionized water to make a final volume of 10 l in the generator. Meanwhile, the generation part consisted of atomizing a constant concentration of MWCNTs using 3 ATM of pressure to induce a capillary phenomenon. A tube with a diameter of less than 1 mm was used to make droplets measuring less than several microns to allow easy vaporization. To reduce the loss of diffusion of the generated MWCNTs and the humidity, an 80l/min air flow was also introduced. Plus, a high electric field was applied to the end of the capillary tube to make the MWCNTs into a single fiber. Finally, the neutralization part supplied a high electric field to eliminate static and make the MWCNTs into straight fibers. To eliminate the static and residue voltage generated during the generation, a soft X-ray was included to neutralize the MWCNTs before introducing them to the inhalation chambers. Thus, single fiber shaped MWCNTs were supplied to the inhalation chambers at low, middle, and high concentrations using an orifice flow meter to ensure a constant flow rate. The MWCNTs generation system was operated at 100 l/min using a mass flow controller (MFC) and mixed at 91 l/min as the main flow rate through the high-concentration chamber. Using the MFC for the first dilution (8 l/min), a portion of the high nanoparticle concentration was then diverted to the middle-concentration chamber. In the same way, a portion of the middle nanoparticle concentration was diverted to the low-concentration chamber using the second MFC (1 l/min) ( Figure 3 ). The aerosolized MWCNTs were collected on a TEM grid using a sampler. The morphology of the MWCNTs was photographed using TEM.
Monitoring of Inhalation Chamber and Analysis of MWCNTs.
The MWCNT concentrations in the individual chambers were measured using a personal sampler. The air samples were taken by drawing air through polyvinylidene fluoride membrane filters in sampling cassettes (37-mm diameter, and 50.8-mm cowl, open-face) obtained from Pall Corp. (P/N 64678; Ann Arbor, MI). The filter samples for personal sampling were collected in the animal breathing zone using Mine Safety Appliance (MSA, Escort Elf pump)-operated sampling pumps at a flow rate of 2.0 l/min.
Animals and Conditions.
Seven-week-old male, specific-pathogen-free (SPF) Sprague Dawley rats were purchased from OrientBio (Gyeonggi-do, Korea) and acclimated for 1 week before starting the experiments. During the acclimation and experimental periods, the rats were housed in polycarbonate cages (5 rats per cage) in a room with controlled temperature (21.6 ± 1.2°C), humidity (43.7 ± 6.8%), and a 12-h light/dark cycle. The rats were fed a rodent diet (Harlan Teklab, Plaster International Co., Seoul) and filtered water ad libitum. The 8-week-old male rats, weighing about 273 g, were then divided into four groups (each group consisted of 10 male rats: 5 rats were analyzed following the 5 days [6 h/day] of whole-body exposure and 5 rats were analyzed after 1 month of recovery). The various groups ), where the whole-body exposure to MWCNTs was 6 h/day for 5 days. The animals were examined daily on weekdays for any evidence of exposure-related effects, including respiratory, dermal, behavioral, nasal, or genitourinary changes suggestive of irritancy. The body weights were measured at the time of purchase, at the time of grouping, one day prior to exposure, once a week during the inhalation exposure and recovery, and before necropsy. Plus, animal autopsies were conducted on day 0 and 1 month after the 5-day exposure. The experiment was approved by the Korea Conformity Laboratories Institutional Animal Care and Use Committee.
Analysis of H 2 O 2 Concentration in Bronchoalveolar Lavage. The rats were deeply anesthetized with an overdose of sodium pentobarbital, then exsanguinated by severing the abdominal aorta. The lungs were lavaged 14 times with 3-ml aliquots of a warm calcium-and magnesium-free phosphate buffer solution, pH 7.4. The samples were also centrifuged for 7 min at 500 × g, and the cell-free bronchoalveolar lavage (BAL) fluid was discarded. The cell pellets from all the washes for each rat were then combined, washed, and resuspended in 1 ml of a phosphate-buffered saline (PBS) buffer and evaluated (Sung et al., 2009) . The H 2 O 2 concentrations in the BAL fluid were measured using a flow injection analysis method (Svensson et al., 2004) . Briefly, 105 µl of the prepared BAL fluid or standard fluid was mixed with 7 µl of a derivatization reagent (1.5 mmol/l p-hydroxyphenyl acetic acid 200 µl + 2.5 U/ml horseradish peroxidase 500 µl) and the BAL fluid H 2 O 2 then analyzed using an Agilent 1200 HPLC (Agilent, Santa Clara, CA).
Enhanced-darkfield light microscopy imaging of MWCNTs. The lungs were weighed and fixed in a 10% formalin solution containing neutral PBS. The lungs were then embedded in paraffin, and stained with hematoxylin and eosin. Some unstained slides were examined under an optical system consisting of high signal-to-noise, darkfield-based illumination optics adapted to an Olympus BX-41 microscope (CytoViva, Auburn, AL). Plus, as previously described by Mercer et al. (2011) , the characteristics of the MWCNTs, which scatter a significantly greater amount of light than the surrounding tissue, were also assessed using the enhanced-darkfield optical system. Lung Cell Isolation. The lungs were removed from five rats in each group on day 0 and 1 month after the 5-day exposure, respectively. The lungs were minced, suspended in chilled PBS, and gently homogenized in ice using a tissue grinder (Kontes, USA). The cell suspensions were then transferred to a nylon cell strainer (BD Biosciences, San Jose, CA) in sterile tubes. The viable cell counts for the cell suspensions were determined using the trypan blue dye exclusion method.
Single-Cell Gel Electrophoresis (Comet Assay).
For the first layer, 0.6% normal melting agarose was dropped onto a frosted microscope slide. The cell resuspensions (1 × 10 5 /10 µl) were then mixed with 85 µl of 0.5% low melting agarose and rapidly spread on the first layer. Finally, 85 µl of 0.5% low melting agarose was used as the top layer. The prepared slides were then soaked in an alkaline lysis buffer (2.5 M NaCl, 100 mM Na 2 -EDTA, 10 mM Tris-HCl, 1% Triton X-100, and 10% DMSO, pH 10.0) for 1h at 4°C. Thereafter, the slides were washed in D.W. for 10 min, placed in a horizontal electrophoresis chamber, and electrophoresed in an alkaline buffer (1 mM Na 2 -EDTA, 300 mM NaOH, pH 13) for 25 min at 0.78 V/cm. Next, the slides were gently washed in a neutralization buffer (0.4 M Tris-HCl, pH 7.5) and immersed in 100% ethanol for 1 h. The slides were then stained with 100 µl EtBr (10 µg/ml), and the Olive Tail Moment (OTM) was analyzed using a fluorescent microscope (Leica, Germany) and image program (Kinetic Imaging, U.K.). The OTM provides a good correlation with the dose of the genotoxic agent and is the most commonly used parameter in a Comet assay (Kumaravel and Jha, 2006) . Statistical Analysis. The statistical analyses were performed using SPSS 12.1, and the data expressed as the mean ± standard error (SE). A one-way analysis of variance was applied to test all the data. A value of p < 0.05 indicated statistical significance.
RESULTS

Monitoring Results of Inhalation Chamber
For the inhalation exposure study, the chamber atmosphere, including the temperature, humidity, pressure, and velocity, was analyzed (Table 2) . Plus, the MWCNT concentrations were also measured in the chambers during the exposure. Although the target concentrations were 0.01, 0.1, and 1.0 mg/m 3 for the low, middle, and high concentrations, respectively, the actual measured concentrations were 0.163 ± 0.010, 0.339 ± 0.017, and 0.940 ± 0.024 mg/m 3 , respectively (Figure 4 ). The lengths of the MWCNTs were measured from TEM photographs, and the average length (range 0.5-20 µm) and standard deviation (SD) were 2.57 ± 2.67 µm. This average length was very similar to the average length of the MWCNTs (1.47-1.76 µm) observed in the exposure assessment by Han et al. (2008) . Also, because the present system generated fibrous forms of MWCNTs, the mobility diameter of the MWCNTs could not be measured using a differential mobility analyzing system due to arcing or corona discharges within the classifier (Ku et al., 2007) .
Measurement of H 2 O 2 Concentration in BAL
To find the oxidative stress level, the H 2 O 2 concentration was measured in the BAL fluid collected on day 0 and 1 month after the 5-day exposure to MWCNTs. Although the H 2 O 2 concentrations did not show any statistical significance with any of the MWCNT concentrations when compared with the negative fresh-air control, there were some increasing trends (Table 3) . At one month after the 5-day exposure, the H 2 O 2 concentration exhibited an increasing trend, although there was no statistical significance. Furthermore, the H 2 O 2 concentrations increased after 1 month postexposure to the low and high MWCNT concentrations when compared with those following the 5-day exposure, plus a statistical significance was found in the H 2 O 2 concentrations between 1 month postexposure and following the 5-day exposure (Table 3) .
Measurement of DNA Damage
To investigate the in vivo genotoxicity effect of the MWCNTs, a single-cell gel electrophoresis analysis (comet assay) was used, which is a simple, rapid, and sensitive technique for detecting DNA damage at the level of individual eukaryotic cells (Singh et al., 1988; Zegura and Filipic, 2004) . The comet assay was conducted on day 0 and 1 month after the 5-day exposure to various concentrations of MWCNTs. None of the animals exhibited mortality, clinical abnormalities, or significant body weight changes ( Figure 5 ) before the autopsy. For each animal, the Olive tail moment was measured in 100 cells. As a result, the Olive tail moments were 23.00 ± 1.76, 30.39 ± 1.96, 22.96 ± 1.26, and 33. Figure 3B) . Consequently, the high-concentration group (0.94 mg/m 3 ) exhibited a significant increase in DNA damage on day 0 and 1 month after the 5-day exposure when compared with the negative control (p < 0.05) (Figure 6 ).
Potential lung deposition of MWCNTs. The enhanced dark field images illustrate the alveolar distribution of the MWCNTs ( Figure 7B ). The MWCNT-exposed lungs showed that the MWCNTs were deposited in the alveolar epithelium and the alveolar macrophages after the 5-day inhalation exposure (arrows). The deposition of the MWCNTs also persisted even after 30 days postexposure, although the deposition amount was significantly reduced ( Figure 7C ).
DISCUSSION
CNTs have numerous potential industrial and commercial applications. As a result, the CNT global market has been growing every year, yet this also means an increase in CNT production, human exposure, and the release of CNTs into the environment (Baughman et al., 2002; Martin and Kohli, 2003; Muller et al., 2005; Ren et al., 2005) . The extensive use of CNTs poses the risk of exposure by ingestion, dermal exposure, intravenous injection, and inhalation (Di Giorgio et al., 2011; Han et al., 2008; Lee et al., 2010; Maynard et al., 2004) . In particular, inhalation studies are essential to evaluate the pulmonary toxicity of nanomaterials, since nanomaterials can easily agglomerate in a suspension and unexpected changes can occur by obstructing the air ways (Fujitani et al., 2009) . Several CNT generation systems have already been invented to perform inhalation toxicology studies. Yet, the generated CNTs invariably aggregate and agglomerate in the exposure chambers (Ma-Hock et al., 2009; Pauluhn, 2010) . Therefore, this study created MWCNTs dispersion in water without using a surfactant and achieved a consistent concentration for a short-and long-term MWCNTs inhalation study. In addition, well-dispersed MWCNTs were generated from tangled MWCNTs for the inhalation study (Figure 2 ).
Genotoxicity testing of CNTs is important to provide adequate hazard identification and risk assessment in terms of the carcinogenesis process (Gonzales et al., 2008) . It is already known that nanomaterials induce genotoxicity for two main reasons: reactive oxygen species (ROS) production and mechanical interference with cellular components (Gonzales et al., 2008) . In the former case, because nanomaterials have a high atom-to-surface ratio, they can produce more ROS than microsized materials (Brown et al., 2001; Oberdorster et al., 2005) . In the latter case, these reactions can lead to cell division dysfunction and disturbance. It is well known that microsized fibers, such as asbestos, can interfere mechanically with the mitotic spindle and DNA (Daniel et al., 1995; Jaurand, 1989; Sargent et al., 2010) . Nanomaterials are also known to interact with cellular components, such as the nucleosome, microtubules, actin filament, and centrosome (Gonzales et al., 2008) .
Like other nanomaterials, CNTs can induce in vitro genotoxicity. Comet assay results previously demonstrated the induction of DNA damage in Chinese hamster lung fibroblasts (V79 cell line) after only 3 h of incubation with 96 µg/cm 2 of SWCNTs, although no micronuclei (MN) were induced (Kisin et al., 2007) . In contrast, MWCNTs were found to induce MN when exposed in vitro to rat lung epithelial cells and human epithelial MCF-7 cells (Muller et al., 2008) . Interestingly, the genotoxicity induced by CNTs in a comet assay and MN assay was suggested to be caused by catalyst metals (Co, Mo, and Fe) present in the CNTs (Lindberg et al., 2009) . According to our previous study, MWCNTs, the same test substance as used in the present study, were shown to be cytotoxic to cultured mammalian cell lines, such as Chinese hamster ovary cells (CHO-K1) and normal human embryonic lung cells (WI-38) (Kim et al., 2010 . The same study also conducted cytotoxicity tests, including a trypan blue dye exclusion assay, WST-1 assay, and lactate dehydrogenase activity assay, on normal human embryonic lung cells (WI-38) to determine the cytotoxic effect of the trace material (> 2% iron), yet the iron did not induce cytotoxicity in the cells (Kim et al., 2010) . Notwithstanding, MWCNTs have not been found to induce genotoxicity in in vitro (bacterial reverse mutation test and mammalian cell chromosome aberration test) and in vivo tests (mice bone marrow micronuclei test). Moreover, trace metals have not been found to affect the cell viability and genotoxicity (Kim et al., 2010 .
Genotoxicity testing provides important information to understand carcinogenicity (ICH Steering Committee, 1997), and it also helps to identify genotoxic hazards, such as heritable mutations, that can have very detrimental effects on the population and the gene pool for both humans and animals. Thus, a positive in vitro result can indicate that a compound is a genotoxic carcinogen. In some cases, further in vivo genotoxicity tests are performed to clarify the in vitro test results (Uno, 2006) . Thus, follow-up actions from positive in vitro genetic toxicity testing have recently been recommended by the review subgroup of the International Life Science Institute Health Environment Science Institute. Plus, the review subgroup suggested a decision flow chart in the case of clear positive in vitro results (Dearfield et al., 2011) . Experts also agree that in vivo target-organ studies contribute to understanding the carcinogenicity mechanisms (Uno, 2006) . In particular, the lungs are the most likely route of exposure to CNTs (Card et al., 2008; Ryman-Rasmussen et al., 2009a,b) . Thus, when considering the relevance to the real exposure situation, the most appropriate genotoxicity test for MWCNTs is via inhalation exposure. Here, SPF Sprague Dawley male rats were exposed to dispersed MWCNTs at 0.16, 0.34, and 0.94 mg/m 3 for 5 days (Figures 2  and 4) . The genotoxicity was then evaluated using lung cells collected on day 0 and 1 month postexposure. The results of the in vivo comet assay showed that the MWCNTs induced statistically significant DNA damage at a concentration of 0.94 mg/ m 3 ( Figure 6 ). Interestingly, the same DNA damage patterns were observed at both organ extraction times. Therefore, it would appear that the MWCNT burden was maintained and induced DNA damage even 1 month postexposure, corresponding with an incomplete clearance of MWCNTs from the alveolar epithelium (Figure 7) . Another amazing phenomenon, the lung cell DNA damage and BAL fluid H 2 O 2 concentration showed the same trend 1 month postexposure (Table 3) . Clearly, the lung cell DNA damage was influenced by the H 2 O 2 level, and it was considered that this oxidative stress was connected with the PERSISTENT DNA DAMAGE MEASURED BY COMET ASSAY MWCNT exposure concentration. A similar observation was also previously reported, where MWCNT exposure retained a 20% mice lung burden for 28 days postexposure (Deng et al., 2007) . Plus, MWCNT instillation exposure of rats was found to cause acute pulmonary inflammation 3 and 15 days postexposure and induce pulmonary fibrosis 60 days postexposure (Muller et al., 2005) , whereas MWCNT aspiration exposure of mice induced concentration-and time-dependent pulmonary inflammation and damage, which peaked 7 days postexposure and only returned to the control level 56 days postexposure (Porter et al., 2010) .
In conclusion, inhalation exposure (~0.94 mg/m 3 ) to well-dispersed MWCNTs induced significant genotoxicity, and the lung burden was retained for 1 month postexposure. The current results will be helpful to evaluate the toxicity of CNTs in order to protect human health and the environment. 
